


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1974 


A comparative study of digitized brightness 
and 200-mb divergence in the tropical 
western North Pacific. 


Varona, Eriberto C. 


Monterey, California. Naval Postgraduate School 


http://hdl.handle.net/10945/16923 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
| (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist sia Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

ia) LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


A COMPARATIVE STUDY OF 
DIGITIZED BRIGHTNESS AND 2OO-MB DIVERGENCE 
IN THE TROPICAL WESTERN NORTH PACIFIC 


Eriberto C. Varona 





DUL ©. niv IX LIERARY 
NAV) L OSTGRACUATE SCHOUE 
MONTEREY, CALIFORNIA 9394qQ 





NAVAL POSTGRADUATE SCHOOL 


Monterey, Galifornia 





A COMPARATIVE STUDY OF 
DIGITIZED BRIGHTNESS AND 200-MB DIVERGENCE 
IN THE TROPICAL WESTERN NORTH PACIFIC 
by 


Pripenreo CC. Varona 


September 1974 





? Thesis Advisor: ‘ oe C hea 


Approved for public release; distribution unlimited. 


163067 











SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) 


REPORT DOCUMENTATION PAGE 


2. GOVT ACCESSION NO. 





READ INSTRUCTIONS 


Talev: 










RECIPIENT’S CATALOG NUMGER 





1. REPORT NUMBER 













5. TYPE OF REPORT & PERIOD COVERED 
Mastem’ smPineisis 


September 1974 


6. PERFORMING ORG. REPORT NUMBER 


6. CONTRACT OR GRANT NUMBER(s) 





4. TITLE (and Subtitie) 
A Comparative Study of Digitized Bright- 
ness and 200-mb Divergence in the Tropi- 

cal Western North Paceitic 


















7. AUTHOR(a#) 







Eriberto C. Varona 






10. PROGRAM ELEMENT, PROJECT, TASK 


9. PERFORMING ORGANIZATION NAME ANO AOORESS 
AREA & WORK UNIT NUMBERS 


Naval Postgraduate School 
Monterey, California 93940 














12. REPORT DATE 


September 1974 
13. NUMBER OF PAGES 


49 


1S. SECURITY CLASS. (of thie réport) 





11. CONTROLLING OFFICE NAME ANO ADORESS 


Naval Postgraduate School 
Monterey, California 93940 






4. MONITORING AGENCY NAME & AODRESS(If different from Controfiing Office) 






ine hassifi ied 


Naval Postgraduate School 
Monterey, California 93940 







15a, DECLASSIFICATION/ ODOWNGRADING 
SCHEOULE 


16. OISTRIBUTION STATEMENT (of thie Repor!) 







Approved for public release; distribution unlimited. 





17. DISTRIBUTION STATEMENT (of the abstraci entered in Biock 20, if different from Report) 





168. SUPPLEMENTARY NOTES 


19. KEY WORDS (Continue on reverae side if necessary and identify by black number) 
Digttazeameroud brightness 

patel Tiree brightness 

patel bieemmeteoro logy 

Tropical meteorology 












20. ABSTRACT (Continue on reverse aids if neceesery and identify by block number) 






An attempt is made to investigate the relationship between 
pore dipitizedecatellite brightness data and the kinematically 
computed 200-mb divergence in the tropical western North Pacific 
during the period 19 April-20 December 1971. Both spectral and 
Correlation analyses techniques are used. The power spectra of 
the two fields reveal two dominant period bands: one centered at 
ploy S didmthe other at ~ 5 days. Horizontal structures, is 









DD Mea 93 1473 EDITION OF 1 NOV 6515 OBSOLETE 


S/N 0102-014- 6601 —— errr 
oe!) f | SECURITY CLASSIFICATION OF THIS PAGE (When Data &ntered) 


1 





CECURITY CLASSIFICATION OF THIS PAGE(When Date Entered) 


shown in the inter-longitudinal cross-spectra in the two bands, 
suggest that brightness is more organized than divergence, 
although the two fields resemble well each other whenever an 
organized divergence pattern is observed. Inter-parameter cross- 
Spectra and correlation results indicate a generally in-phase 
relationship. However, the coherence squares and correlation 
coefficients are lower than those found by Wallace (1971) for the 
4- to 5-day waves using direct radiosonde data. 


DD Form, 178 (BACH) 


one fe —_—$—$ $< 
S/N 0102-014-6601 SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered) 





A Comparative Study of 
Digitized Brightness and 200-mb Divergence 
in the Tropical Western North Pacific 


by 


Paamoerto CC. gVarona 
Lieutenant Commander, Philippine Navy 
5. oe Pineieopame Military Academy, 1966 


Submitted in partial fulfillment of the 
requirements for the degree of 


MASTER OF SCIENCE IN METEOROLOGY 


from the 


NAVAL POSTGRADUATE SCHOOL 
September 1974 





UD! FY KING x ati 


Iv 


ABSTRACT 


Mieciteipi 0S Made sLOminvestigate the relationship be- 
tween the digitized satellite brightness data and the 
kinematically computed 200-mb divergence in the tropical 
western North Pacific during the period 19 April-20 December 
1971. Both spectral and correlation analyses techniques are 
used. The power spectra of the two fields reveal two domi- 
mimieperitod Dbands:sone centered at ~ 10 days and the other 
at ~ 5 days. Horizontal structures, as shown in the inter- 
longitudinal cross-spectra in the two bands, suggest that 
bot ehtnessetseme-rcmorepanized than divergence, although the 
two fields resemble well each other whenever an organized 
divergence pattern is observed. Inter-parameter cros¢e~- 
Spectra and correlation results indicate a generally in- 
phase relationship. However, the coherence squares and 
correlation coefficients are lower than those found by 
Wallace (1971) for the 4- to 5-day waves using direct radio- 


sonde data, 
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L. INTRODUCTION 


Satellite photographs have revealed that much of the 
ClomdhiresS in Che tropics is in the form of large, con- 
nected masses of very bright clouds. TReee euoud masses 
consist of varied individual cumulus clouds. The extensive 
cirrus canopies observed on top of these cumulus clouds 
account for most of their brightness, and may last a few 
hours longer than the cumulus cells themselves. These 


mc wuteyeare mow called, have attracted 


weboud clusters, 
a great deal of attention for the past few years since, 
hypothetically, they play an important role in the general 
circulation of the atmosphere and in the formation of 
tropical storms. Chang (1970) and Wallace (1971) observed 
Etats Many wOmmare cloud Clusters in the tropical Pacific 

are well organized and have characteristics which resemble 
those of synoptic-scale, westward propagating wave distur- 
bamceswuemomicadar and Soumi (1971) and Reed and Recker (1971) 
found evidences that these cloud clusters are envelopes 
Ofedeep convection in regions of organized upward vertical 
motion associated with synoptic-scale waves. Sikdar and 
Soumi (1971) further suggested that the deep convection 
cells tend to concentrate in a small area and are generally 


EScaceW(mbmmerine geometrical center of the cloud cluster; 


MOLeCOVetmmency postulated that the time variations of these 





cells could be excellent indicators for the convective 
enerey transport to the tropical uppér troposphere. 
Williams and Gray (1973) and Yanai et al (1973) also indi- 
Stecamrenat the active eloud clusters exhibit vertical 
SnrereteriStics similar to those found by Reed and Recker 
Gm7 1). 

The paucity Ofemercorological stations in the vast 
tropical oceans accentuates the imperative for further ex- 
plotting the Wettizarion potential of available satellite 
data as aids in tropical analysis. In particular, becauSe 
of the relationship between cloud cluster and synoptic- 
Scale tropical motions, the digitized cloud brightness data 
present a prime research area for such a purpoSe. 

The physics of the atmosphere suggests a close relation- 
ship between digitized satellite cloud brightness (hereafter 
referred to, for brevity, as brightness) data and the large- 
scale vertical motion field. Williams and Gray (1973) 
pointed out that the cumulonimbi do serve as agents in the 
Preoductlonmorethne large, bright cirrus canopies of the cloud 
clusters, with the developing and conservative clusters 
Peveuwem weapabile of Maintaining their cumulonimbi in the 
presence of a steady low-level mass convergence, otherwise 
they gradually die out. Since low-level moisture over the 


oceanic tropics is readily available, the large-scale upward 


Digitized brightness data have been made available 
Eince mi Jovmechnroucn tite Advanced Vidicon Camera Systems 
of operational satellites. 
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motion provides a favorable environment for the development 
and maintenance of these clusters. Furthermore, the brighter 
clouds are usually thicker and, therefore, may indicate a 
Varger amount of latent heat release (Gruber, 1974). Since 
deep tropical systems are characterized by temperature fluc- 
tuations which, by and large, are one order of magnitude 

less than the rate of latent heating, thermodynamic energy 
balance requires that the large-scale vertical motion be 
approximately proportional to heating [Wallace (1971) and 


Holton (1972)]. A priori, therefore, a positive correlation 


ee ee ee 


% 


between brightness and large-scale vertical motion may be 
expected by reason of heating alone. 

In fact, indications of good correspondence between area- 
averaged brightness and synoptic-scale vertical motion 
associated with the 4- to 5-day tropical waves in certain 
eee ons of the tropical western North Pacific has been 
found by Wallace (1971), on which basis he postulated that 
the entire vertical motion field over large tropical areas 
may be estimated from satellite data alone. If this is the 
case, brightness is certainly one of the best available in- 
(uemeOnscmotmmeropical weather disturbances considering that, 
at present, there is no direct way of obtaining a reliable 


Verticalemnopeen iteld in the data-sparse tropical regions. 


2 

These are in the Kwajalein-Eniwetok-Ponape (KEP) 
triangle of the Marshall Islands and the Guam-Truk-Yap (GTY) 
triangle farther west. : 


i 





The correspondence between brightness and vertical mo- 
tion may also be extended to large-scale horizontal diver- 
Boacem@enlevels where divergence is large, since several 
observational studies [Wallace (1971), Reed and Recker (1971), 
feettay€1972), Williams and Gray (1973), and Yanai et al 
mio73)) indicated similar profiles of the vertical motion 
Seedivergence field over convectively active tropical areas. 
Mmplicitiy, the same conclusion can be drawn from the verti- 
cal profiles shown by Hayashi (1974) from analysis of tropi- 
Gabeoutput from the general circulation model of the NOAA 
Geophysical Fluid Dynamics Laboratory at Princeton. This is 
also consistent with the results of the composite study of 
Williams and Gray (1973), which show a clear in-phase rela- 
tionship between cloud clusters and upper-level divergence, 
If satellite data could be used as a crude representation 
of the upper-level divergence, such data may be very useful 
in large-scale analysis over data-sparse tropical regions, 
particularly so when we consider that the upper-level circu- 
Perouse paetemummis Largely controlled by the strong divergence 
near the 200-mb level. By use of the quasi-barotropic 
property of the large-scale tropical flow, it may be possible 
to utilize the divergence information that could be inferred 
from the brightness data as a diagnostic tool in examining 
the flow pattern near the strong divergent level in a manner 
similar to Holton and Colton's (1972) model for seasonal mean 


Poems. Veeemeeintrared (IR) radiation data, supplied by the 


A diagnostic model of using brightness as an aid for 
femecaoeate tropical flow is discussed in Jacobs (1974). 


ee 








recently developed satellites, the possibility of represent- 
ing the divergence field by brightness has increased. This 
is seen from the fact that one can determine cloud-top tem- 
peratures from IR data. These cloud-top temperatures, which 
Smomin@g@tcative of the vertical extent of cumulus development, 
can then be used to calculate the resulting estan heat re- 
ierreomikottier et aleeolo73) and Rao (1970))]. Thus, it is 
possible to modify the brightness field and improve the esti- 
mate of the upper-level divergence (and vertical motion) 
field. Motivated by these considerations, this study seeks 
to extend the investigation of Wallace (1971) on the relation- 
ship between brightness data and upper-level divergence over 
PeaoddicimercComedtpuaecdre area, In this study, we hope to find 
out the extent to which the current brightness data can be 
used to represent the synoptic-scale divergence in the tropi- 
cal upper troposphere. In so doing, both spectral and corre- 
lation analyses are used. 

The main reason for performing spectral analysis is be- 
cause of the importance of synoptic~-scale tropical distur- 
bances which may highly influence the variations in both the 
divergence and brightness fields. These variations may be 
characterized by certain dominant time scales associated 
with synoptic-scale disturbances which may or may not be 
related to the easterly waves. It is the interest of this 
study to determine how the behavioral characteristics of 
these two parameters resemble each other in synoptic time 


Scales. 
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Several spectral studies of tropical cloud brightness 
Pemakroeand hyuety;1 (1971, 1973), Murakami and Ho (1972a, 
1972b), Wallace (1971), Sikdar et al (1972), and Wallace and 
Chang (1972)]}] have been carried out previously. While some 
of these spectral studies yielded interesting results, 
memebace and L. Chang (1972) suggested that the number of 
spectral peaks revealed by these studies are so numerous 
Maat invariably, it would be extremely difficult to extract 
meonttacantly tiserul intormation from such results. They 
miso DOlnted OUt that the power spectra of brightness are 
highly variable in both space and time, and even neighboring 
Pte pOints Maynexmibit quite different characteristics. 
However, the main purpose of the spectral analysis in this 
study is not to identify tropical wave disturbances as had 
been done in other studies. The purpose in this case is 
simply to use the spectral analysis technique as a convenient 
tool to decompose both brightness and divergence into their 
various time scales that are of synoptic interest in the 
Den lod sOimtimsminvestigation. In addition, correlation 
analysis is applied, mainly to determine the daily spatial 
relationship, as well as to complement the cross-spectral 


Api hyowo woe nicmetme Series of both fields. 
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TI. DATA AND METHODS OF ANALYSIS 


he )6=SCU (DATA 

The brightness and upper-level wind data used in this 
study were provided by the National Center for Atmospheric 
Research (NCAR). The brightness data, acquired by NCAR from 
the National Environmental Satellite Service, are digital 
values representing variations from total absorption (0) to 
Boeeeretlecer1on (10) of solar radiation in the visual 
channel. These digitized values are averaged for 5° x 5° 
latitude-longitude squares and adjusted for instrumental and 
calibration errors (Gray and Oort, 1974). The upper-level 
wind components (u, v), which were used to generate the diver- 
gence time series, were acquired by NCAR from the National 
Meteorological Center tropical grid analyses. These winds 
are given at grid points approximately coinciding with those 
for the brightness data, and are the result of analyses based 
on all available rawinsonde records, aircraft observations, 
and a few data deduced from cloud drift as seen from satel- 
lite photographs. The 0000 GMT wind data are considered to 
be closest to (within 2 to 3 hours of) the satellite observa- 
tion time. 

The divergence field for the upper levels was derived 
dimectiyetrommtne horizontal wind components without any ad- 


justment by vertical boundary constraints. Maximum divergence 


‘5 








was found at the 200-mb level, consistent with the previous 
divergence profiles found by Wallace (1971), Reed and Recker 
(1971), Williams and Gray (1973) and others. In these pro- 
files, the levels of maximum divergence are near 200 mb, 
indicating that this is generally the outflow level of tropi- 
cal motion systems associated with cloud Signe activities, 

Missing data were filled by a combination of simple and 
quadratic interpolation in time and a 4-point averaging in 
Space. The projected values were restricted within the apes 
mum and the minimum of the observed field. 

The general area selected for this study is the tropical 
western North Pacific from the Equator to 25N and from 125E to 
mor oeeiheteordisemtwo reasons for this choice. Firstly, 
previous studies indicated that this is an area ot strong 
cloud cluster activity. Secondly, the analyzed wind data 
in this region are more reliable than those in other tropical: 
locations because of the relatively denser rawinsonde network. 
Figure 1 shows this observational network in the region of 
hivestigat ion, 

hiewpemrtodmor observation 1S approximately eight months, 
19 April - 20 December 1971. This period was chosen because 
daalyeteoeermaceor LR radiation are available for the first 83 
tay So eimeeemmno April — 10 July 1971; hence, further investi- 
gation using IR-modified brightness could be pursued to shed 
foc elOndemiaontiom the Lindings of this study. This is 


possible because, as mentioned in Section I, cloud-top 
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Pemperattres and cloud-top heights or the vertical extent 
of cumulus development can be estimated from the known IR 
trolds ouch eEStimates may then be utilized to modify the 
Bbreightness pattern and, consequently, improve its correla- 
tion with that of the upper-level divergence or vertical 


motion. 


Pee oPECTRAL ANALYSIS 

The BMDO2T portion of the UCLA Biomedical Statistical 
Program Package was used for power spectral (and the asso- 
ciated cross-spectral) analysis. Both the brightness and 
divergence time series were first subjected to a high-pass 
ereeraevntcietmomaeseribed in Part D of this Section. A 20- 
day lag was used, which gives a frequency bandwidth of 
oe05 cycle fas Mend) and a frequency limit of 0.5 cpd 
[Bendat and Piersol (1971), Panofsky and Brier (1965), 
Jones (1964), and Blackman and Tukey (1958)]. Spectral in- 
PorMmattOnmeromemenmeetven at a frequency interval of 0.025 cpd. 

Coherence squares, as listed in Tables I and II, repre- 
sent averaged values within each of the two dominant fre- 
mene, wpamacemmmamely: 0.075 — 0.125 cpd (8.0 - 13.3 days) 
and 0.175 - 0.225 cpd (4.4 - 5.7 days), hereafter referred 
to Ser eee the 10-day and 5-day period bands, respectively. 
The phase differences were realistically chosen to be repre- 
sentative (i.e., consistent phase differences produce a 
nearly average phase estimate, as used in previous studies) 


of each band in question. 


i 





To analyze the coherence square results, the question 
Of statistical significance was resolved by taking into 
account that averaging the spectral estimates over three 
consecutive frequencies would amount to doubling the number 
of degrees of freedom implied by the individual spectral 
Calculations. Consequently, in estimating the significant 
values at the levels indicated, the coherence square proba- 
bility distribution as compiled by Amos and Koopmans (1963) 


was used, 


Se eeGCORRELATION ANALYSIS 

To complement the spectral analysis technique, correla- 
tion analysis was conducted, using the BMDO2D of the afore- 
Memetoned Statisticai Program Package. The unfiltered data 
(as space and time series) of brightness and 200-mb divergence 
were subjected to correlation analysis. 

The space series cross-correlation analysis involved 66 
pairs of observations each day; this was done on a daily 
basis from May to October, which are considered as the summer 
perrod in the tropics. The time Series, On the other hand, 
Somotstedmatme2z40 pairs of observations for each of the 66 
rid poines: Mmiboth cases, the significant correlation co- 
efficients, as listed in Tables III and V, were determined 


Po hvowilnemeeamtoksky and Brier (1965). 


ee orb CiRAL FLLTER 
As cited earlier, before conducting the spectrum and 


cross-spectrum analyses, a high-pass filter is applied 
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following Holloway (1958). The filtering technique is quite 
Pimmbareto those utilized in other investigations [Murakami 

nmameiom L972). Yanaweand Murakami (1970), Yanai et al (1968), 
and Maruyama (1968)]. A normalized Gaussian weighting func- 
tion ae with a standard deviation §& of 25/3 days is used, 


namely: 


yp 74 


(218°) niet oor de ; Cl) 


= 
i 


where dt] = sleday -, 


errand = UO 4 a 1 5, +t 2 4.45. + 24 . 


The frequency response of this weighting function effec- 
ively tilfers out (89% efficient) periods beyond 36 or 25 
days (lHlolloway, 1958). As seen in Figure 2, this spectral 
response is ideal for frequencies beyond 0.075 cpd or, equi- 
valently, for periods not exceeding 13.3 days. Mathematically, 
this frequency response R(f) is expressed as a function of 


the standard deviation 6 and frequency f 


RCE 


Lo R(t) 5) CZ) 


where 


Rf) ent 6 Eo) ; (2a) 


A weighted average is then calculated for every 49 (ap- 


PLocinatei moony consecutive data of the original time 


series Xx. of 246 days, thus resulting in a smoothed time 


ig 





series xX of 198 days. 


i 
Symbolically: 
fa as 24 
a ~ Dy Caen / py au ; (3) 
n=-24 n=—24 
where i=1,198 and m= 25 . The time series of the 


filtered data x! is then generated by the deviation of 


the smoothed time series from the observed time series, viz.: 


Ke. — Xoo . (4) 
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Pil, pektoUb oe AND. DISCUSSION 


betore discussing the results of this study, it might be 
useful to realize that the techniques of spectral and corre- 
lation analyses can be interpreted as some means for under- 
standing better those meteorological phenomena the physical 
nature of which are partially understood. Moreover, the re- 
sults of these techniques should be considered not purely on 
a statistical basis but also on the premise that they are 
compatible with synoptic and dynamic considerations [Yanai 


mcmriicakant (Lb970) amd Panofsky and Brier (1965)]. 


A. SPDCikA pee omenOnoo—or bCTRAL ANALYSES 
im Power mopectra 
Figures 3 and 4 show the power spectra at each of 
the 66 grid points for brightness and 200 mb divergence 


(div respectively, as generated by (4). An examination 


200)? 
of these spectra indicates that the two frequency ranges: 
0.075 - 0.125 cpd (10-day period band) and 0.175 - 0.225 cpd 
(5-day period band), contain substantial segments of the 
total variances of each of the two series at most points. 
tivseieamcmemat during the period of this study, the diver- 
gence pattern at 200 mb associated with synoptic wave dis- 


Beeb Te ccmnisc meCharacteristic time scales of 5 and 10 days. 


Hence, it is convenient to choose these two bands for 


7AM 





comparing the behavior of brightness and div Although 


JE ONOT 
the main concern of this study is not to define the spectral 
peaks, it should be recognized, nonetheless, that most of 
the major peaks do fall into these two bands. In this con- 
meets te Might be Significant to recall that previous 
mriadies |Sikdar et al (1972), Murakami and Ho (1972), Tanaka 
and Ryuguji (1973) and Gruber (1974)] found similar 2-band 
structures in the spectra of tropical cloudiness. It is 
apparent then that while there is a high variability in the 
brightness spectra, simple interpretation of a 2-band distri- 
bution is quite consistent with several studies and should 
not be overlooked. Additionally, one can notice a tendency 
for a 3-day spectral peak to appear occasionally; however, 
the peaks seldom appear concurrently in both parameters and, 
Mimerier, the fraction of the total variance involved is 
relatively small in most cases. 
Peco itepeney and Phase 
The coherence squares and the corresponding phase 


differences between brightness and div at each grid point, 


200 
Within each dominant frequency band, are listed in Tables I 
and II. The averaging process results in a degree of freedom 
Sewapproxiitately 25, implying a significant coherence square 
CimUmenvmatethe 99Z contidence level, 0.12 at the 954 level, 
and 0.09 at the 90% level. Only those values which are 


Sieninacanteat the 904 level or better are tabulated. For 


the 10-day band (Table I), 24 grid points have significant 
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coherence squares, most of which indicate phase differences 
from in-phase to nearly 1/4 cycle between the two parameters. 
For the 5-day band (Table II), 20 points have significant 
coherence square values and, except for three points LON, 
mmr. (20N, 14556), and (20N, 150E)], there seems to be a 
similar relationship as in the 10-day band, although the 
Marger (close to 1/4 cycle) phase difference is more common 
in the 5-day band. A relative comparison of these results 
for both frequency bands with those of Wallace (1971) for 
the 4- to 5-day waves indicate that, although the two para- 
meters are much more in-phase than out-of-phase in this 
study, the coherence squares are somewhat lower and the 
phase differences are slightly larger. The reason for this 
@atterence could be explained in the light of the following: 
(a) smoothed, analyzed winds were used for computing diver- 
pemee sin this Study compared with the direct radiosonde 
faa used by Wallace (1971), (b) Wallace used a vertical 
motion field which was kinematically calculated from a verti- 
cally adjusted divergence field, as compared - with the non- 
adjusted divergence field in this investigation, and (c) the 
time difference between the two fields was ignored in this 
Study. 
Jeewonmizontal Structure 

Another indication of correspondence between the two 

parameters in the 10-day and 5-day bands may be found by com- 


Pie mnanesnNorizontal structures deduced from inter~longitude 
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-eross-spectra for both parameters at each latitude, as shown 
in Figures 5-6. For each latitude, the 150E series is used 
as the base series to cross with other series at the same lati- 
tude. Each phase difference is plotted against the longi- 
tudinal distance from the base series and, unless the points 
are widely scattered, a best fitting line is drawn for each 
latitude weighted by the confidence level of the coherence 
Square associated with each phase value. This technique has 
been commonly used in spectral wave studies for determining 
wavelengths and propagating directions. 

For the 10-day band (Figure 5), a westward movement 
im the brightness data with an apparent "wavelength" of 
about 50° (5600 km) could be inferred at all latitudes except 
the Equator, suggesting a “phase speed" of neariy 5° Sag : 
This simple interpretation, however, seems to be inapplicable 
fimewecnwcacterm portion of JON and 25N, and the easternmost 
part of 20N. Further, one may take note that the brightness 
field is more organized than the divergence field where the 
bmbehiness results are best, viz.: 5N, 15N, and 20N. It 
seems significant to note, moveover, that another similarity 
can be found at 10N, where an in-phase relationship is ob- 
served for the divergence series between 140E and 1/75E, and 
the brightness series between 145E and 170E. These results 
may be indicative of an east-west orientation and suggest 
the presence of an Intertropical Convergence Zone (ITCZ) with 
intensity fluctuating around a period of approximately 10 


days. 
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The structures of the 5-day band (Figure 6) seem to 
be less regular compared to those of the 10-day band, with 
the divergence, again, less organized than the brightness. 
Omermay take not also that a partial best fitting line, at 
least, could be drawn for brightness at all latitudes, 
although the "wavelength" ranges from about 25° (2800 km) 
foememe northern latwmetdes to nearly 50° (5600 km) at the 
Soemtnern latitudes, thus indicating a "phase speed" range of 
Bpmroximately 5° to 10° ae lt mightebe of interest to 
note further that only two organized patterns, at 5N and 
20N, may be observed for the divergence but, in each case, 
agree well with those of their respective brightness fields. 
The fact that the brightness pattern is more organized than 
the divergence field, as revealed in the inter-longitude 
Smess=spectra indicated in Figures 5 and 6, reaffirms our 
belief that brightness is qualitatively better than divergence. 

A similar attempt was made to make reasonable infer- 
ences from the inter-latitude cross-spectra, however, no 
Significant interpetation could be deduced because of the 


low coherences found in most cases. 


Bee CORRELATION ANALYSIS 
Iie Goeorrelation of Space Series 
The daily correlation coefficients of brightness 
versus div, go as a function of space (unfiltered data) is 


Protedetmmiapte LLL for the tropical summer, i.e., May - 


UeEoner levi the sample size is 66, implying a signficant 
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correlation estimate of > 0.24 for the 95% confidence level, 
aid fee O Lorethe JO, level (Panofsky and Brier, 1965)... It 
momaneeresting to note that of the 167 days with use€éul setae”. 
pmmys (33.54) indicate positive correlation at the 90% 

level or better while nine days (5.4%) tend to show a nega- 
mine COLrespondence. These results which, by and large, are 
Similar to the findings for July 1969 (Edwards, 1973) suggest 
a weak positive correlation between the two fields on a daily 
Pees” One may notice, likewise, that for the "wet" months 
Oimly = October), of the 109 days with useful data, 42 days 
(35-57) Show positive correlation while 5 days (4.6%) indicate 
Megative correlation. On the other hand, out of 58 useful 
data for the relatively "dry" months of May and June, 14 days 
(24%) show positive coree lawton and 4 days (6.9%) indicate 
negative correlation. These comparative results appear quite 
consistent with the prevailing theories on the correspondence 
between precipitation and areas of low-level convergence or 
upper-level divergence. [See for example: Holton (19/71) and 
Palmen and Newton (1969).] It should be realized, however, 
that these correlation coefficients are somewhat low as com- 


pared to those (inferred from the coherence squares) observed 


eoraterl aealon estimates for which brightness and/or wind 
components (used to derive the divergence field) were 
Originally missing were discarded. 


Bceatec of the many uncertainties in the computed diver- 
foameceemtie positive correlation listed in Table III (and 
Table V discussed in the next Section) should not be viewed 
Semecquavalent to the probability of finding a positive corre- 
lation between brightness and the actual 200-mb divergence at 
a@eefiven time (or space). 
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byevwallace (1971) for the 4— to 5-day waves at the KEP triangle, 
although they do indicate a tendency of in-phase relationship 
between the two parameters on a daily basis. Besides the 
pogis@ble errors involved in the kinematic computation of 
divergence and the time difference between the two fields, it 
momecomdent that the e~orrespondence between the two fields is 

far from perfect. 

Moreover, it may be expected that the days of positive 
weweiat, COrLrelation is partially due to the presence of strong 
convective systems. Table IV is a comparison of the frequency 
Bieposidtive correlation (Rf) between brightness data and 
200-mb divergence with the frequency of tropical storms (Sf) 
in the region of study from May - October 1971, which shows 
a nearly constant Rf to Sf ratio. However, it must be realized 
Grate tsually tropical storms occupy only one grid point 
(horizontal scale ~ 5°) at any one time. 

Pfc orrelatton of Time Series 

The correlation coefficients between the time series 
of the two parameters under study (Table V) were similarly 
computed at all the 66 grid points in order to examine their 
spatial distribution. The sample size is 246 (unfiltered 
data covering the period 19 April - 20 BO Cent ce Oy) hes te 
Mies lenit tcant cOrrelation estimate of > 0.12 at the 
934, €Omtidence level, and > 0.10 at the 90% level. For the 
Set cmuermonwe 2) points (37.94) indicate positive correla- 


Powecteete sO, level or better, while 3 points (4.5%) show 
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an apparent negative correlation. These results appear to 
be compatible with the daily computations discussed earlier 
and, likewise, are comparatively lower than the results found 
by Wallace (1971). We do notice, however, that the three 
Negative correlations are in the southeast corner of the 
region and that all the interior points indicate positive 
relationship. Edwards (1973) examined the relationship be- 
tween brightness and vertical motion for the July 1969 data 
and found that the correspondence between the two fields is 
furte trregular in the eastern portion of the region. He 
suggested that this may be mainly due to the relatively weak 
@ilowde cluster activities in that area. Thus, if the region 
of study were narrowed to the area bounded by 135E and 160E, 
from the Equator to 20N, the daily correlations would be 


mien nig her. 
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IV. SUMMARY AND CONCLUSION 


In summary, this study is an attempt to investigate the 
temporal and spatial relationships between digitized bright- 
ness data and 200-mb divergence, as derived from the analyzed 
vemmde rield, over a broad tropical region, namely: from the 
Equator to 25N, and from 125E to 175E. Spectral analysis was 
utilized to determine the dominant synoptic time scales for 
both parameters during the period 19 April - 20 December 
1971. To complement this technique, correlation analysis was 
applied at all the 66 grid points between the time series of 
each parameter for this ~ 8 month period, and on a daily basis 
airing the tropical Summer: May - October 1971. 

Two common period bands, one centered near 10 days and 
the other near 5 days, have been observed. The cross-spectra 
between the digitized brightness and 200-mb divergence indicate 
a generally in-phase (< 1/4 cycle) relationship in these two 
bands, and further that the coherence squares are somewhat 
lower and the corresponding phase differences are slightly 
higher than those found by Wallace (1971) for the 4- to 5-day 
waves using Pigeeterdd+ocende data, “The horizontal structures 
of both parameters, as revealed by the inter-longitude cross 
Spectra in the two bands, suggest that the brightness pattern 
is much more organized than that of the divergence. It is 


apparent, however, that the two fields resemble each other 
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whenever an organized pattern in the divergence can be found. 
Moreover, the zonal structures are less regular in the 5-day 
band than in the 10-day band. In addition, there is an indi- 
cation of a "wavelength" of approximately 5600 km for the 10- 
day band and 2800 to 5600 km for the 5-day band, or a "phase 
speed" of about 5° sles ade a oO” acm respectively. 
Correlation results for the space series suggest a relatively 
weak positive relationship between the two fields on a daily 
basis, and are consistent with the results for the time 
series. A somewhat higher correlation is found during the 
wet months of July - October than in the relatively dry months 
of May and June. 

The correspondence between the current brightness and 
divergence data as indicated in both the spectral and corre- 
lation analyses is far from perfect. However, in their 
Set rety, thes various results of this study do form a picture 
of positive relationship between the two fields. Thus the 
prospects of estimating the large-scale convection (vertical 
motion or divergence) field over a broad tropical region by 
the use of satellite data, as proposed by Wallace (19/71), 
appear bright. Such estimates are believed to work best in 
areas of pronounced convective activity because of the 
expected influence of the presence of strong convective sys- 
tems. Moreover, until the present brightness data can be 
improved upon they are more useful in tropical wave studies 


Enramtedirechwoperational applications. The statistical results 
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of this study tend to support this point of view. For ex- 
ample, it was shown that the digitized brightness data 
reflect quite well the upper-level divergence pattern asso- 
ciated with synoptic-scale disturbances. Hence, it may be 
iaoomeOeinvestipate the upper-level heating patterns since, 
by thermodynamic considerations, divergence is mainly 
related to heating in the tropical upper troposphere. 
Evidently the Ae cae c data (as calculated from the 
smoothed, analyzed winds) contained several errors and, thus, 
might have reduced the correlation between brightness and 
divergence in this study. However, obtaining better diver- 
gence values from wind reports presently available in the 
tropics is conceivably difficult unless the observational 
fiecwork in the area iS improved. This is precisely the very 
reason for current attempts to exploit the maximum utilization 
esate tlntesdata., Also, problems do arise in utilizing 
brightness data to represent heating due to cloud cluster 
convections. Hopefully, these problems may be lessened by 
the availability of IR data which may be used to enhance 
the brightness data. The reason is primarily that the ver- 
tical extent of cumulus development can be determined from 
Hicwlt sini Gmmatton., Thus, an investigation on the relation- 
ship between [IR-modified brightness and divergence is 


recommended, 
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TABLE III 


Daily correlation coefficients (in hundredths) of satellite 
cloud brightness vs 200-mb divergence for May-October 19/71. 
Values in parentheses are significant between the 90% and 
95% confidence levels, and values without parentheses, at 
the 95% level or better. The letter "M" represents missing 
data for either or both the brightness and the wind field. 


May Jun Jul Aug Sep 
27 - (-21) M - 
- 24 - 28 - 
- - (-22) (22) - 
26 - - 29 - 
~ ~ - 28 26 
35 ~ (22) - M 
- 34 28 M 42 
- - (22) ~31 (20) 

i, - - - 34 
- 38 32 - - 

(22) 45 38 - - 
- 32 30 - M 
= = 34 = = 
33 - - - 4h 
- - - - 52 
~ - - - 42 
- -31 - - (23) 
- - - - 36 
- (22) (23) (20) (25) 
: a 40 29 - 

(20) - 41 - - 
- M (21) - - 
M - - - (22) 
- - —29 (23) (21) 
36 -33 - - - 
- (-21) - - (20) 
- - 29 - (-22) 
- 24 39 - - 
M 37 - 


34 


Oct 


26 

M 
Si 
36 


(20) 





TABLE IV 


Comparison of the frequency of positive corre- 
lation (Rf) between brightness data and 200-mb 
divergence with the frequency of tropical 

storms*(Sf) in the region of study from May to 


Octobetml 9/1. 


May = Jun Jul 
Rf 8 6 14 
of 4 1 8 
iy oi /apae B0) eS 


_Average Rf/Sf = 2.1 


Aug 
7 


Ip 


Jes. 


Sep Oct 
13 8 
6 4 

Die. Ja 5 0} 


# 
1. The term "tropical storms" in this table includes typhoons. 


2. Source: U.S. Fleet Weather Central/Joint Typhoon Warning 


Center, 1972: Annual Typhoon Report 1972. Guam, Mariana Islands. 
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RESPONSE FUNCTION 





0 02 04 06 .08 10 12 A4 
FREQUENCY (Cycle per day) 


Figure 2. Spectral response function for the high-pass 
filter used in this study. 
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Figure 3. Power spectra of digitized satellite brightness data at the 
5° x 5° grid points. The ordinate is variance per unit frequency inter- 
val (B* per 207 x 40°! day7' x 107', where B is brightness unit with a 
range from 0 to 10) and the abscissa is period (days). 
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Figure 5. Interlongitude 
cross-spectra of (a) bright- 
ness and (b) divergence for 
the 10-day band. The 
abscissa is longitude of the 
series that is crossed with 
ene, base Series (150E); the 
ordinate is phase difference 
with positive values indicat- 
ing that the base series 
leads the other series. 
Plotting symbols indicate 

the significant coherence 
square at a given confidence 
level associated with each 
phase difference in the fol- 
lowing way: Blackened circle, 
pee ca rc be with across, 
95-98%; open circle, 90-947; 
Sma th doe, < 907. 
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Figure 6. Same as Figure 5 except for the 5-day band. 
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